Although portal vein thrombosis (PVT) commonly occurs in patients with hepatocellular carcinoma (HCC), the hypercoagulability mechanism in patients with HCC is not entirely clear. Recently, tumor-induced formation of neutrophil extracellular traps (NET) has been shown to trigger contact system activation, and contact system activation has been shown to be a new mechanism of thrombosis. Therefore, we investigated whether contact system activation and NET formation occurred in relation to PVT in HCC patients. The circulating levels of NET formation markers (DNA-histone complex, double-stranded DNA, neutrophil elastase) and contact system activation markers (factor XIIa and high-molecular-weight kininogen) were measured in 177 patients who had been diagnosed with HCC and 48 healthy controls. Presence of PVT was confirmed in 77 HCC patients. The levels of NET formation and contact system activation markers were significantly higher in patients than in healthy controls and they increased significantly with the increase in the model for end-stage liver disease (MELD) scores. Of note, these markers were significantly higher in HCC patients with PVT than in those without PVT. These NET formation markers and the contact system activation markers were significant thrombotic risk factors in HCC patients. The well-known liver injury markers (alanine transaminase, prothrombin time) significantly contributed to factor XIIa level. Contact system activation and NET formation are well correlated with liver disease severity and the markers of these can be used as thrombotic risk factors in HCC patients. In addition, therapeutics inhibiting the contact system can be potentially used to manage PVT in HCC patients.
Introduction
Liver cirrhosis is characterized by hemostatic imbalance with decreased production of coagulant and anticoagulant factors, which induces bleeding and thrombotic tendencies. 1 Among thrombosis, portal vein thrombosis (PVT) is common in patients with liver cirrhosis. When liver cirrhosis is combined with hepatocellular carcinoma (HCC), the frequency of PVT markedly increases from <10% to 35%. 2 This is because not only HCC by itself can induce a hypercoagulable state but also tumor cell invasion into the portal vein can increase the PVT frequency. 3 Recently, contact system activation has emerged as a new mechanism of thrombosis. 4 Neutrophils are activated by inflammatory or other stimuli and release intranuclear contents (DNA-histone complex, double-stranded DNA [dsDNA] , and neutrophil elastase), called neutrophil extracellular traps (NET), into the extracellular space. 5 The negatively charged histone-DNA complex can activate coagulation factor XII, which initiates contact system activation. The contact system consists of 4 plasma proteins (factor XII, factor XI, prekallikrein, high-molecular-weight kininogen [HMWK] ) that assemble when factor XII comes in contact with negatively charged surfaces. 6 Activated factor XII (XIIa) then activates factor XI and the downstream intrinsic coagulation pathway. 7 In addition, factor XIIa converts prekallikrein to a-kallikrein, which cleaves HMWK to yield bradykinin. Factor XII activation plays an essential role in thrombosis and the inhibition of factor XII activation can block thrombosis in animals and humans. 5, [7] [8] [9] Although contact system activation has been suggested as a new mechanism of thrombosis, 4 there have been no reports on whether the contact system is activated in patients with liver cirrhosis with HCC.
In this study, we measured the circulating levels of NET formation markers (DNA-histone complex, dsDNA, neutrophil elastase) and contact system activation markers (factor XIIa and HMWK) in patients with liver cirrhosis with HCC to investigate whether NET formation and contact system activation occurs in relation to PVT.
Methods

Patient Population
A total of 177 patients who had been diagnosed with HCC at Seoul National University Hospital were enrolled. This study was approved by the institutional review board of Seoul National University College of Medicine. The diagnosis of HCC was confirmed by clinical correlation using histologic features taken from liver biopsy as determined by a pathologist, and findings from image studies including ultrasound, computed tomography, and MRI, verified by a radiologist. Patients who had active variceal bleeding, anticoagulant or antineoplastic treatments, and hematological diseases were excluded. The cancer stage was scored by using the AJCC Cancer Staging Manual, 10 based on the time point when the sample was taken. The severity of liver disease was scored in accordance with the model for end-stage liver disease (MELD) score 11 on the basis of the results of clinical chemistry test and functional coagulation test. The severity was divided into 3 subgroups (MELD score <10, 10-20, and >20). The presence of PVT was confirmed by medical record review and all the recorded events were confirmed by a radiologist using imaging studies, ultrasound, contrast-enhanced, or MR. A total of 48 healthy controls who showed normal liver function test results and no evidence of liver disease were also recruited.
Blood Sampling and Routine Laboratory Testing
Peripheral venous blood samples were collected in 0.109 mol/L sodium citrate (Becton Dickinson, San Jose, California), and plasma was separated by centrifugation of whole blood at 1550g for 15 minutes. Aliquots were stored at À80 C. Fibrinogen was measured on an automated coagulation analyzer (ACL TOP; Beckman Coulter, Fullerton, California) using the HemosIL Fibrinogen-C XL reagent (Instrumentation Laboratory SpA, Milan, Italy).
Markers of NET Formation (Histone-DNA Complex, dsDNA, and Neutrophil Elastase)
The plasma level of the histone-DNA complex was quantified with a Cell Death Detection ELISA kit (Roche Diagnostics, Indianapolis, Indiana). The dsDNA level was measured using the Quant-iT PicoGreen dsDNA reagent (Molecular Probes, Eugene, Oregon) and a microplate fluorometer (Fluoroskan Ascent, Thermo Fisher Scientific Inc., Waltham, Massachusetts). The level of neutrophil elastase was measured using a Human Neutrophil Elastase Platinum ELISA kit (eBioscience, Vienna, Austria).
Markers of Contact System Activation (Factor XIIa and HMWK)
Factor XIIa activity was measured by using a chromogenic method with a CoaChrom Factor XIIa test kit (CoaChrom Diagnostica, Maria Enzersdorf, Austria). High-molecularweight kininogen was measured with ELISA kits from Cloud-Clone Corp (Houston, Texas).
Statistical Analysis
Data were compared using w 2 test for categorical variables, and Mann-Whitney U test and Kruskal-Wallis test for continuous variables. To assess the prediction power of test variables for thrombosis, logistic regression analyses were performed by using the cutoff points of test variables that produced the best discriminative power on receiver operating characteristic (ROC) curves. The ROC curves were drawn for every variable to determine the cutoff for the best separation of thrombosis risk, and the patients were divided into 2 subgroups for each single factor (value above or below the established cutoff). To assess the variables contributing to factor XIIa level, multivariable linear regression analyses were performed. All analyses were carried out using the SPSS version 23.0 (SPSS Inc, Chicago, Illinois) and MedCalc version 14.8.1 (MedCalc Software, Ostend, Belgium).
Results
Elevation of NET Formation and Contact System Activation in Patients With HCC
Clinical and demographic characteristics of the study population are shown in Table 1 . Compared to healthy controls, patients with HCC were older and the male proportion was higher. The plasma levels of fibrinogen were not different between healthy controls and patients with HCC. However, the plasma levels of NET formation markers (DNA-histone complex, dsDNA, neutrophil elastase) and a contact system marker (factor XIIa) were significantly higher in patients with HCC than in healthy controls, whereas the HMWK level was tended to be lower in patients than in healthy controls though statistically not significant.
Correlation of NET Formation and Contact System Activation With Liver Disease Severity
The numbers of patients with MELD scores of <10, 10 to 20, and >20 were 65, 85, and 27, respectively (Table 1 ). There were no statistically significant differences in age, sex, or white blood cell count among the 3 MELD score subgroups. As the MELD score increased, the proportion of Child-Pugh class C patients gradually increased and PVT frequency also increased. The levels of aspartate transaminase, alanine aminotransferase (ALT), alkaline phosphatase, and bilirubin were significantly increased in high-MELD-score subgroups as well. The prothrombin time (PT) and activated partial thromboplastin time values gradually increased with increasing MELD score. Of note, the levels of all 3 NET formation markers and factor XIIa significantly increased, whereas the HMWK level gradually decreased as MELD scores increased.
Association of NET Formation and Contact System Activation With PVT
Among all patients with HCC, 77 (43.5%) patients had previous or present history of PVT, either bland thrombus or tumor thrombus. There was no significant difference in ALT (median; 43 vs 36 IU/L, P ¼ .832) between patients with and without PVT (Figure 1) . Interestingly, the levels of PT (13.7 vs 13.0 seconds, P ¼ .011), histone-DNA complex (159 vs 83 arbitrary units [AU], P ¼ .022), dsDNA (142.1 vs 127.0 ng/mL, P < .001), and factor XIIa (34.4 vs 29.1 U/I, P ¼ .028) were significantly higher in patients with PVT than in those without PVT. Conversely, the HMWK level was lower in patients with PVT than in those without PVT (3.08 vs 3.70 ng/mL, P ¼ .001).
To investigate the thrombotic risks of NET formation and contact system markers, we performed logistic binary regression analysis (Table 2) . In univariable logistic analysis, patients with higher PT values (>13.0 seconds) showed a significant odds ratio compared to the patients with lower PT values ( 13.0 seconds), indicating that PT was significant thrombotic risk factors. Interestingly, the NET formation and contact Outliers within the outer boundary of Tukey method after applying Tukey method once. , Outliers not included in the outer boundary of the Tukey's method after applying Tukey's method once. Abbreviations: ALT, alanine transaminase; dsDNA, double-stranded DNA; Factor XIIa, activated factor XII; HMWK, high-molecular-weight kininogen; PT, prothrombin time.
system markers showed significant odds ratios for thrombosis prediction. In multivariable logistic analysis, the contact system markers, factor XIIa, and HMWK remained as independent significant thrombotic risk factors.
Variables Contributing to Factor XIIa Level
To identify variables contributing to factor XIIa level, we performed linear regression analysis of the factor XIIa level with other variables (Table 3) . In univariable regression analysis, ALT and PT the liver injury markers, and HMWK the contact system markers were significant variables contributing to factor XIIa level. In multivariable regression analysis, ALT and PT were significant contributing variables.
Discussion
This study demonstrated that the contact system was significantly more activated in patients with HCC than in healthy controls and that its activation was well correlated with liver disease severity, by comparing the concentration of NET formation markers (DNA-histone complex, dsDNA, and neutrophil elastase) and contact system activation markers (XIIa and HMWK), between healthy control and patients with HCC with diverse MELD score. Moreover, patients with PVT showed significantly higher contact system activation than those without PVT, and the markers of contact system activation, elevated factor XIIa and decreased HMWK which have the odds ratio larger than 1.00 in multivariable analysis for PVT, were revealed as independent risk factors of thrombosis. To the best of our knowledge, this is the first demonstration of contact system activation in patients with HCC with PVT. Since factor XII-driven contact activation contributes to thrombosis, 4,7 our data suggest that it plays a role in thrombotic events in patients with HCC.
The pathophysiology of PVT in liver cirrhosis generally includes reduced portal blood flow, hypercoagulability, and vascular endothelial injury. 2 Since PVT in liver cirrhosis commonly occurs in association with HCC, HCC as such is considered to promote PVT through direct tumor cell invasion and induction of a hypercoagulable state. 2, 12, 13 The hypercoagulable state in HCC has been suggested to be caused by breaking of the precarious balance of procoagulant and anticoagulant protein levels. 13 However, which factor initiates the coagulation cascade is not yet entirely clear. Our demonstration of a strong association of contact system activation with PVT suggests that factor XII-initiated coagulation activation initiates the coagulation cascade in PVT.
In the contact system, factor XII is activated by negatively charged surfaces. Although it can be activated in vitro by a negatively charged artificial surface such as kaolin, 6 the surfaces that activate factor XII in vivo have not been identified. Recent studies have suggested that NET components released from neutrophils and polyphosphates released from activated platelets could provide negatively charged surfaces for contact system activation. 4, 5, 14 Our results that NET formation markers were elevated in patients with HCC with PVT suggest that the NET components could indeed provide negatively charged surfaces for factor XII activation.
Cancer cells 15 and cancer-derived exosomes 16 can induce NET formation, which could accelerate thrombosis. Therefore, it is likely that HCC spreads within the liver and the spreading tumor cells induce NET formation and accelerate PVT.
Since factor XIIa converts prekallikrein to a-kallikrein, which cleaves HMWK to produce bradykinin, 4 the circulating factor XIIa level increases and the HMWK level decreases upon contact system activation. As expected, the level of factor XIIa gradually increased and that of HMWK decreased as the MELD score increased in our study, suggesting that the contact system is activated as the severity of liver disease increases. Furthermore, ALT and PT, well-known markers of liver disease severity, were revealed as variables contributing to factor XIIa level, by showing statistically significant regression coefficient in multivariable linear regression analysis. Though these markers could be affected by many other clinical factors, therefore, it does not mean that these can be readily used as direct predictor for thrombosis risk assessment; however, these findings provide evidence of contact system activation in liver disease.
Portal vein thrombosis is considered as a poor prognostic factor in HCC. 2 Prediction of PVT can be useful for management and prevention of HCC. Interestingly, our data showed that factor XIIa and HMWK were independent thrombotic risk factors. Considering that the hypercoagulable state should be actively investigated in liver cirrhosis, 2 these markers of contact system activation can be suggested as predictors of thrombotic risk in patients with HCC.
Several therapeutics that inhibit contact system activation have been suggested as thrombosis inhibitors. 17 Inhibiting antibodies and antisense oligonucleotides targeting factor XII or factor XI prevent thrombosis in animal and human studies. 9, 17 These therapeutics are not only effective for thrombosis management but also minimize bleeding risk because the contact system is involved only in thrombosis but not in hemostasis. Our results showing an association of contact system activation with PVT suggest that therapeutics inhibiting contact system activation can be potentially used to manage PVT in patients with HCC.
Our study has however several limitations. First, it was designed retrospectively. Therefore, the risk factors of PVT could be assumed only by logistic regression analysis. In the future, a prospectively designed study will be necessary to validate our results. Second, contact system components are enzymes that act for a short time and are then rapidly downregulated by plasma inhibitors such as C1 esterase inhibitor. 18 Measurement of factor XIIa-C1 esterase inhibitor may increase the sensitivity of contact system activation detection. However, measuring the levels of factor XIIa and HMWK was enough to reflect contact system activation in our study.
In summary, this study demonstrated that, in patients with HCC, the contact system was gradually activated along with NET formation as the MELD score increased. Alanine aminotransferase and PT, well-known markers of liver disease, were significant variable contributing to factor XIIa level, suggesting a positive association between contact system activation and liver disease severity. Interestingly, the contact system activation markers were revealed as significant thrombotic risk factors in patients with HCC.
In conclusion, contact system activation and NET formation are well correlated with liver disease severity, and a marker of contact system activation and markers of NET formation can be used as thrombotic risk factors in patients with HCC. Our findings also suggest that therapeutics inhibiting the contact system can be potentially used to manage PVT in patients with HCC.
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